Symbiosis is a term met by beginning biology students well before they reach college. A dictionary definition includes, "the living together in more or less intimate association or even close union of two dissimilar organisms."' There are two classes of symbiotes-ectosymbiotes and endosymbiotes. Ectosymbiosis is a less controversial topic because the partners are fairly easily separable and identified as individuals. Studies of endosymbiosis, on the other hand, are made lively by arguments about the very nature of the structure under study, i.e., is it an organelle or a symbiote? Is any organelle a previously captured symbiote that has become integrated into the host cell ?
transient parts of the hosts' genome, i.e. bacterial or animal viruses, will not be considered since such discussions would entail a deeper study of genetics than is possible here. Such a point of view has already been taken in a recent review.2
Our models here will include a) bacteria, rickettsia, PPLO or similar sized bodies inside protozoa, b) algae inside protozoa, and c) algae inside lower metazoa. In other words, we are concentrating our efforts on those systems which include either a protozoan or alga as one member of the pair. Reviews with broader objectives than ours are available.2"
IDENTIFICATION OF AN INCLUSION AS AN ENDOSYMBIOTE
From virtually the dawn of microbiology as a specialized discipline, workers were prepared for the facts of intracellular parasitism. Indeed, one of the earliest uses for bacteriological stains was the visualization of pathogenic bacteria within mammalian cells. It is therefore not surprising that many workers were receptive to the idea that bacteria-sized bodies in protozoa or various metazoa were indeed symbiotic bacteria even though they could not offer conclusive experimental proof.7"'118 The advent of electron microscopy sometimes only projected the same arguments to a higher magnification. For example, Pyne based his conclusions on the identity of a symbiote from Crithidia oncopelti entirely on electron micrographs of rather limited resolution."9
Algal endosymbiotes never evoke such lively arguments since their hosts have been easily identified as animals, and chloroplasts in animal cells are readily accepted as intruders (at least when these algae are eucaryotic). There is, however, a rapidly expanding literature on the possibility that all chloroplasts of eucaryotic algae are themselves remnants of a prehistoric invasion of protozoa with procaryotes.i" The oldest papers on chloroplasts as genetic entities (endogenous or symbiotic) go back to the time of the rediscovery of Mendel's work. From If the symbiote has lost some of its means of protecting itself from that environment which it would meet as a free-living organism, failure to satisfy Koch's postulates may be due to failure of the experimenter to select appropriate substitute protection. Such may be the problem in considerations involving the nature of the symbiote of Crithidia oncopelti, which is known to be osmotically fragile,' in spite of the fact that electron micrographs show a structure that resembles a rather thin cell wall.`' Microorganisms, whose identity as such is not questioned, are well known, e.g., bacterial L forms and PPLO.
Koch's postulates have been satisfied for algal endosymbiotes from P. bursaria," or from various metazoans and for one rod-shaped symbiote, the lambda particle of P. aurelia, which was identified as a gram-negative rod. ' Identification of symbiotes as bacteria can be done by means other than Koch's postulates only if the criteria used are strict enough. A seemingly convenient means of establishing the identity of bacteria-sized bipolar bodies of C. oncopelti rested on the localization of the enzyme diaminopimelic acid (DAP) decarboxylase in the symbiote.' The validity of such proof rested on the fact that various workers had constructed a biochemical evolutionary tree for the pathway of lysine synthesis in plants and animals (reviewed by Vogel8') which showed that higher and some lower fungi and euglenids synthesized lysine via the aminoadipic acid path whereas bacteria, blue green and green algae used the diaminopimelic acid path. No animal cells were tested for the presence of either pathway on the assumption that animal cells do not have any of the enzymes, since they all seem to require an exogenous source of lysine. We' confirmed Gill and Vogel's enzymatic results, but were uncomfortable with the observation that in our hands the enzymatic detection method was being pushed to its limit. We had no reason then to doubt the bacterial nature of the endosymbiote based upon the combination of the enzymatic and cytological data. More recently Gutteridge reported detection of DAP carboxylase in C. fasiculata, an endosymbiote-free member of the same genus as C. oncopelti, using more 15S sensitive growth or isotopic methods. We have confirmed his growth results and extended them to include several organisms distributed among four genera.' Since all these protozoa that contain DAP decarboxylase are animal cells, hitherto reported to be devoid of the enzyme, and are clearly not bacteria" (the only group reputed to contain the enzyme) any identification of an endosymbiote based upon such a relationship is invalid.
Biochemical evidence for the presence of two bacterial cell wall intermediates (DAP and muramic acid) in the mu "particle" of P. aurelia" confirms the electron micrographic evidence of bacterial identity for mu. Of course more direct proof of the type given by van Wagtendonk, et al.' for lambda will be eagerly awaited.
Since the work of the Karakashianse and Bomford" shows that organisms other than the natural symbiote can establish symbiotic relationships, the investigator must not be misled that reinfection of a host by an ostensibly isolated symbiote confirms that organism as an authentic symbiote. Providing authenticity of an isolated potential symbiote is easy for algal types since one rarely finds algae contaminating microbiological isolating media. Bacteria, yeast, molds, PPLO are more frequent laboratory contaminants. All but bacteria must not be eliminated out of hand since bacterial identity for several endosymbiotes has been established.
The successful method used by van Wagtendonk's group' for showing that the lambda "particle" of P. atirelia is a gram-negative bacterium points up a number of criteria to be used for identification of an endosymbiote via Koch's postulates. The bacteria isolated from the protozoan conformed to the size, shape and gram-staining capability of the symbiote inside its host. This evidence is convenient but not conclusive since bacteria can vary greatly in size and gram-staining ability, as well as shape, depending upon cultural conditions. They can also be interconverted between osmotically fragile and stable forms. Best evidence in the case of identifying the isolated lambda bacterium was clonal isolation of the organism followed by success in reestablishing the known physiological traits of lambda in the protozoan host, concomitant with infection with the isolate. These physiological traits in fact may be the most important tools in establishing a positive identification of an isolated organism as the symbiote in question, especially in cases similar to the lambda, mu and kappa particles infecting paramecia, where structural characteristics are so similar.'"-Ẁ hat, on the other hand, is the experimenter to do if the symbiote does not impart such special characteristics to its host? We suggest use of a mixture of methods. The method of Gill and Vogel for declaring the symbiote of C. oncopelti as a bacterium would have been ideally convenient if the property they selected as indicative of only bacteria had held up.'-Perhaps Stevenson's criteria" will better stand the test of time. Neither of these methods deals with identification of a particular isolate. Immunological methods offer the means but only if applied fastidiously. We would suggest that the infected hosts be used for the preparation of high-titer antiserum and the isolates I-tested for identity, a.) before infection using such antiserum with hos' ibodies absorbed out, and b.) after infection using the whole antiseruril. We particularly specify high-titer antiserum since we have demonstrated that agglutinating specificity is titer-dependent, at least in certain immunological systems involving protozoa.'
Other properties require that the host-endosymbiote complex be grown in defined media since the nutritional requirements of the complex are frequently different from those of the cured host. For example, infected C. oncopelti has relatively simple nutritional requirements when compared with either closely related members of the same genus or the cured protozoan (reviewed in Guttman). The lambda particles contribute folic acid to P. aurelia as shown by growth in partially defined media.' CURE Once it has been established that an organism contains an endosymbiote, there are several lines of attack available which lead to either curing the host of its symbiote or the symbiote of the host. In several cases the partners may be mutually separated.
Physical disruption of the host is only useful for isolating symbiotes. For some of the larger host cells infected with large symbiotes such as algae, disruption may be accomplished by maceration of the complex in blendors (coelenterates), by pulling up and down through a pipette (Stentor, Paranecium,) or by sonic or pressure techniques (C. oncopelti).
Antibiotics and other drugs have been reputed to remove symbiotes, leaving the host intact. There is no question that many compounds cure algae of their chloroplasts-the question only is whether a chloroplast is indeed a symbiote. Gill and Vogel' reported that the symbiote of C. oncopelti disappears after penicillin treatment and Soldo reports that the lambda particles of P. aurelia disappear after treatment with tetracycline." Similar reports involving many organisms have appeared in the literature over the past decade.
Selective growth methods offer the potential of preserving both host and symbiote and of pointing to methods that may occur naturally. As early as 1928, Pringsheim noted growth conditions that encouraged chlorella to be expelled from paramecia.' Variations of this technique are still in use. Guttman and Eisenman" used a selective enrichment to produce cured C. oncopelti, but not isolated symbiotes.
No one has reported routine use of micrurgy to isolate single endosymbiotes or produce cured hosts. Subsequent conservation and perpetuation of the isolate has the advantage of ensuring genetic lineage of the resultant clone. There is, however, great danger of contamination during isolation by unskilled workers. Establishing clones from single cells is frequently easier in theory than in practice. INFECTION Several methods have been used, ranging from the obviously artificial (injection) to those that may mimic nature (culture of the potential symbiote and host). Coelenterates and some of the larger protozoa have been infected by grafting portions of algae-containing host tissue into an uninfected host.'748 Both algae and bacteria have been successfully established as endosymbiotes by placing them in the same medium that contains the host for a time ranging from hours to days, washing off all free algae or bacteria and then observing the potential hosts for periods ranging from days to months." "9 Bomford' evaluated his experiments 11 days after his paramecia were washed free of non-fixed algae, whereas the Karakashians? waited longer. The latter workers noted that many originally free-living algae could establish transient symbiotic relationships with P. bursaria but that the quality of this relationship varied considerably; even different strains of Chlorella vulgaris exhibited a wide range of variations in numbers of algae/paramecia (1-160). Clearly, uniform criteria for evaluating newly established symbiotic pairs must be met. One means of establishing potential persistence of a newly formed symbiotic pair may be patterned after the observation of Bomford that either yeast or Scenedesmus could be displaced from within P. bursaria by superinfection with its natural symbiotic chlorella after only &11 days. One may wonder whether displacement was possible because neither the yeast nor Scenedesmus had yet made any of the metabolic changes that sometimes distinguish endosymbiotic and normally free living algae (see Muscatine's work on Chlorohydra) .`Ñ o one has actually followed the path of an organism from its free living environment to its establishment as an endosymbiote except in the case of rhizobial invasion of legumes. Possibly because the host is an easily-studied multicellular plant and certainly because of the unique biochemical changes occurring in the plant after the symbiotic relationship has been established, this biological system has been well defined. Symbiotic development is, in this case, a series of complex interactions between bacteria and plant (reviewed by Nutman6).
Phagotropic organisms with endosymbiotes allow for easy speculation on the route to symbiosis since potential symbiotes usually can be found in food vacuoles well before endosymbiosis is established. The question then becomes how does the potential symbiote escape digestion and make the transition from the food vacuole to the cytoplasm? Not only must the symbiote resist the host's hydrolytic enzymes, but it must be able to elaborate its own enzymes which selectively puncture but do not destroy the host's membranes. More light may be shed on this situation when the structural and biochemical nature of the eucaryotic cell becomes more clearly established. Certainly, host tolerance factors are involved in both the host's ability to retain its symbiote and the localization of the symbiote (in multicellular organisms).
